The organization of the components of the cell wall from Candida albicans was studied by means of sequential treatment with hot SDS, anhydrous ethylenediamine (EDA) and l y t i c enzymes, followed by chemical and microscopic analyses of the different separated fractions. The EDA-insoluble fraction retained the original morphology of the wall, which was destroyed by P-glucanase, but not by chitinase treatments. Staining with fluorescent lectins revealed distinct distributions of mannoproteins, glucans and chitin in the wall. Amino acid analysis of SDS-extracted walls, and the EDA-soluble and -resistant fractions gave similar results, with seven amino acids making up about 7 0 % of the total protein weight. Treatment of the EDA-insoluble fraction with Zymolyase or chitinase released fragments of variable size whose susceptibility to these and other hydrolases suggests that they are made of glucan, chitin and mannan oligomers associated with proteins. Treatment of the Zymolyase-insoluble residue with chitinase released a series of low-molecular-mass ol igomers made of neutral sugars, GlcNAc and amino acids, mainly lysine. It is suggested that they represent fragments of the core making up the scaffold of the cell wall of the fungus.
INTRODUCTION
The fungal cell wall is a coherent structure made up of an association of different components, mainly polysaccharides, proteins and lipids. This structure is rigidly assembled as demonstrated by wall resistance to shearing forces, which permits its almost intact preservation during isolation procedures. Accordingly, the possibility that the different components which make up the cell wall are associated not only by hydrogen or hydrophobic bonds, but also by covalent linkages has been entertained for some time (reviewed by Ruiz-Herrera, 1992) . Experimental evidence exists that glucans and chitin are covalently-bound. The evidence is (a) the observation that glucan incorporation into the cell wall can be prevented by the chitin synthetase inhibitor polyoxin D (Benitez e t al., 1976; Sonnenberg e t al., 1983; Vries & Wessels, 1975) and (b) the transformation of a nascent soluble form of wall glucan into an insoluble one (Wessels & Sietsma, 1983) whose insolubility properties depended Abbreviations: Con A, concanavalin A; EDA, ethylenediamine; Endo H, endo-p-N-acetylglucosaminidase; WGA, wheat germ agglutinin.
on the integrity of chitin and, when this was destroyed, glucans became soluble (Mol & Wessels, 1987 ; Sietsma & Wessels, 1979 , 1981 . The existence of a direct linkage between both polysaccharides in the nascent wall of C. albicans protoplasts was suggested by the analysis of a high-molecular-mass product obtained by hydrolysis with chitinase (Surarit et a/., 1988) .
The existence of covalent bonding between proteins and glucans is suggested by the existence of specific wall protein populations which resist extraction with hot SDS and mercaptoethanol, and are rendered soluble only after glucan (Elorza e t al., 1985; Herrero e t al., 1987; Pastor e t al., 1984; Sanz e t al., 1985; Valentin e t al., 1984) or chitin (Marcilla e t al., 1991) hydrolysis. More direct evidence for such an association was obtained by the analysis of a wall protein which is recognized by a specific monoclonal antibody (4C12) in C. albicans. This protein which lacked N-glycosidically-bound mannan residues, acquired them after it became incorporated into the cell wall of the fungus (Elorza e t al., 1989; Marcilla e t al., 1991) . More recently, Van Rinsum e t al. (1991) 
J . R U I Z -H E R R E R A a n d O T H E R S
glucans and mannoproteins in a mnn9 mutant of Saccbaromyces cerevisiae.
In the present communication we describe experiments designed to provide an understanding of how the different polymers present in the cell wall of C. albicans are organized. Our approach consisted of the use of chemical and enzymic extraction procedures, followed by chemical and structural studies of the different separated fractions.
METHODS
Strain and culture conditions. Candida albicans ATCC 26555 was used in this study. It was maintained by periodic transfer on slants of Sabouraud agar (Difco). Inocula were obtained from 24-h-old cultures in modified Lee's medium (Lee et al., 1975) with the following composition: (per litre) : (NH,),SO,, 5 g ; MgSO,. 7H,O, 0.2 g ; K,HPO,, 2.5 g ; NaC1, 5 g ; glucosc.
12.5 g ; proline, 0.5 g ; biotin, 0.05 g. Cells were recovered b j centrifugation, washed twice by centrifugation with sterilc: distilled water, resuspended in sterile distilled water and shaken at 28 "C until a minimal number of budding yeast cells werc: observed (usually 2-4 h). Cells were recovered by centrifugation, resuspended in sterile distilled water and kept at 4 "(: for at least 48 h. Cells were inoculated into fresh Lee's medium and incubated at 28 "C to obtain yeast growth, or at 37 "C to obtain mycelial cells. When necessary, cells were radioactively labelled by growing in the presence of either 0.1 pCi (3. Purification of cell walls and treatment with ethylenediamine (EDA). Small cell volumes resuspended in 50 mM phosphate buffer pH 6.5 containing 1 mM PMSF were broken in 12 ml Corex tubes by mixing with about 4 g glass beads and shaking in a Vortex mixer. Larger volumes were also broken with glass beads, but in a Braun homogenizer. Breakage was assessed by phase-contrast microscopic observation. Extracts were centrifuged at 3500 r.p.m. and the sedimented cell walls were washed twice with phosphate buffer plus PMSF, twice with 1 M NaCl and twice with water. Cell walls were extracted with 2 % SDS in a boiling water bath essentially as described by Elorza e t al. (1985) ; they were then washed twice with water, twice with ethanol, and again twice with water. Cell walls were recovered after each treatment by centrifugation. Finally, cell walls were freeze-dried. Dried walls were extracted with anhydrous EDA essentially as described by Korn & Northcote (1960) and Lyon & Domer (1985) for 3 d at 37 "C with occasional shaking, followed by centrifugation. When ED11 extraction of the insoluble residue was repeated, only 1-4'34 of additional radioactive material was solubilized (data not shown:. The residue insoluble in EDA (designated as fraction C) was washed four times with EDA, then with chloroform, and dried. The solubilized material was further fractionated by precipitation with ethanol at -20 "C overnight and centrifuged at 0 "(3 at 1 O O O O g for 15 min. After washing with ethanol, the alcoholic precipitate was extracted four times with distilled water separating the soluble and insoluble materials by Centrifugation. The supernatants (fraction A) were mixed, dialysed and freezedried, while the water-insoluble material (fraction B) was washed with ethanol and dried under vacuum. Polysaccharide composition of the different fractions labelled with ['4C]glucose was analysed as desctfied by Murgui et al. (1985) . Enzymic treatments. Zymolyase 20T (Miles Laboratories) treatment was performed with a solution (1 mg ml-') in 1 mM PMSF for 3 h at 30 "C. Digestion with chitinase (Sigma, 0.5 mg ml-' in 10 mM phosphate buffer pH 7.0) took place for 3 h at 30 "C. For Endo H (Miles Laboratories) treatment, samples were incubated for 4 h at 30 "C with 10 mU of enzyme ml-' in 20 mM citrate buffer pH 7.0 containing 0.5 mM PMSF. Digestion with partially purified p-1,6-glucanase from Penicillium brefeldianum (a kind gift from A. Marcilla, Dept. de Microbiologia, Universitat de Valencia, Spain) was carried out in acetate buffer pH 4-4 at 30 "C for 6 h. Pronase E (Sigma) was employed at a concentration of 2 mg ml-' in 0.1 M acetate buffer pH 5-5. Incubation proceeded at 28 "C for 6-15 h. Column chromatography. The following columns and elution conditions were employed. Analytical Sephacryl S300. A column measuring 0.55 cm i.d. x 26 cm was used. It was equilibrated and eluted with 50 mM ammonium acetate containing 1 mM sodium azide. Four-drop fractions (145 pl in volume) were recovered. The column was calibrated with blue dextran (void volume), glucose (total volume), catalase, ovalbumin, bovine serum albumin and lysozyme. Preparative Sephacryl S200. A 1.8 x 41 cm column was used. It was equilibrated, eluted and calibrated as described above, but 1-ml fractions were recovered. BioGel P,. A 1.5 x 45 cm column was used. It was equilibrated and eluted as described above, but 0.4-ml fractions were recovered. The column was calibrated with bovine serum albumin (V,), raffinose, maltose and glucose. Dowex 50 in H+ phase. Dowex 50 was thoroughly washed with 1 M HC1 and water. A 0.55 x 7 cm column was used. It was washed with water until the effluent appeared neutral. Samples were eluted with 10 ml water and the retained material was eluted with 6 ml 0.5 M NH,OH. WGA-Sepharose 6B (WGA-S, Sigma). A0-55 x 12.5 cm column was used. Samples were slowly applied and eluted with a peristaltic pump. After loading, the column was left for 2.5 h at room temperature and washed with 20 ml water. Retained material was eluted with 10 ml of a solution of GlcNAc (25 mg ml-'). In order to perform amino acid analysis of the samples, GlcNAC was removed by two successive runs in the BioGel P, column. Chemical analyses. Amino acid analyses of samples hydrolysed with 6 M HC1 at 105 "C under an atmosphere of CO, were performed with commercial amino acid analysers. H ydrolysed samples were placed in a CaC1,-containing desiccator over NaOH pellets, and dried under vacuum at room temperature. Neutral sugars were measured with phenol-sulphuric acid (Dubois e t al., 1956) , N-Acetylglucosamine was measured as described by Reissig et al. (1955) . Chitinase activity was measured as described by Roberts & Selitrennikoff (1988) . For chromatographic analysis of sugars, samples were hydrolysed with 2 M HC1 at 100 "C. HC1 was evaporated as described above and the sugars were separated by descending paper chromatography using a solvent system consisting of ethyl acetate : pyridine :water (8 : 2 : 1, by vol.). After drying, sugar spots were revealed with silver (Trevelyan et al., 1950) . Light microscopy. Distribution of cell wall polymers in EDA fractions (B and C) was analysed using fluorescein-concanavalin A (Con A-F) to detect mannan, and calcofluor white or fluorescein-wheat germ agglutinin (WGA-F) to locate chitin (Horisberger & Volanthen, 1977 ; Herth, 1980) . For Calcofluorwhite staining, samples were resuspended in 20 mM Tris/HCl, pH 7.0, containing 0.15 M sodium chloride and 50 mg Calcofluor ml-'. After 5 min of incubation, samples were washed by centrifugation four times with distilled water. For lectin staining, samples were incubated in the dark for 30 min at room temperature with 0.5 mg lectin conjugate ml-' in a buffer 
RESULTS

Fractionation of cell wall polysaccharides
Yeast or mycelial walls labelled with [14C]glucose were extracted with hot SDS, lyophilized and extracted with anhydrous EDA as described in Methods. Distribution of radioactivity in EDA fractions is shown in Table 1 . About 70-80% of the radioactivity remained in the yeast and mycelial C fractions, while the rest was rendered soluble (fractions A plus B). Fraction A accounted for 24 Yo of the total yeast wall, and for only 10 YO of the mycelium wall.
Fraction B represented only a small proportion of the wall, accounting for 2 % in the yeast, and 7 % in the mycelial walls. Polysaccharide composition of the three EDA fractions was different (Table 1) . Fraction A contained no chitin, and was made of 55-60 YO mannan and 39-44 YO glucan in both yeast and mycelial forms. Fraction B was composed almost exclusively of glucan with trace amounts of mannan and chitin. Again no significant difference was observed between yeast and mycelium. Fraction C was made of a higher proportion of glucans, but the relative proportions of mannan and chitin were different in yeast and mycelial walls. As has been reported (Chattaway e t al., 1968; Braun & Calderone, 1978; Elorza e t al., 1983) , chitin values were significantly higher, and mannan content lower, in mycelial compared to yeast walls. fraction C where it increased from 23 % to 40.5 % under the same conditions.
Amino acid analysis of native walls and EDA fractions
Comparison of the amino acid compositions of the original SDS-extracted cell wall and the three fractions obtained by treatment with EDA revealed that they were extremely similar. Interestingly seven amino acids, threonine, serine, glutamic and aspartic acids, proline, glycine and alanine accounted for about 70 % of the total protein mass ( Table 3 ). This suggests that the covalently-bound proteins probably comprise a unique family.
In order to determine which were the amino acids more internally associated with the insoluble polysaccharides, we digested fractions B and C with pronase. Amino acid composition of the pronase-resistant fraction was compared with the one from the native wall. Results revealed that the amino acid composition before or after pronase digestion was extremely similar (not shown). In fact the only significant differences were the disappearance of isoleucine, phenylalanine, and leucine (only in fraction B) in the pronase-treated residues.
Microscopic observations of water-insoluble EDA fractions
Fraction B observed by phase-contrast microscopy, appeared in the form of an amorphous material, whereas fraction C maintained the morphology of the cell wall. Fraction B stained with Con A-F showed the fluorescence distributed all over the amorphous material, indicating the presence of mannoproteins throughout this material. Similar results were obtained with calcofluor-white, but some fluorescence appeared more intensely defined in distinct points. WGA-F stained only small defined areas over an almost non-fluorescent background. WGA specifically reacts with chitin, while calcofluor-white recognizes both chitin and glucan; the latter being responsible for the background. These results suggest that glucan but not chitin, is uniformly distributed throughout fraction B.
Fraction C ghosts appeared uniformly fluorescent when treated with calcofluor-white. Chitinase treatment did not alter their morphology but reduced the staining with WGA-F or calcofluor-white, appearing mainly in the bud scars (Fig. 1, panels b, c) . The shape of fraction C was destroyed after degradation of the glucan skeleton with Zymolyase ( Fig. 1, d , e, 9, and appeared as an amorphous material similar to fraction B. In this material, only the rings of chitin could be detected as a structural part of the wall after WGA-F or calcofluor-white staining (Fig. le, 9 .
Fraction C before or after chitinase treatment (Fig. la) showed almost n o fluorescence with ConA-F, but this was greatly increased after Zymolyase treatment (Fig. 1 d) . Microscopic studies performed as described above were repeated using mycelial cell walls with similar results (data not shown). pronase (A). The products were separated and analysed as described in Fig. 2 .
Chromatographic separation of products obtained from enzymic degradation of fraction C
100
Fraction no.
volume of the column (Fig. 2a) . These latter low M,.
components were not released by Zymolyase (Fig. 2a) ; but when the Zymolyase-resistant residue was digested with chitinase, they appeared as the sole solubilized products (Fig. 2b) . High M , material plus small M,.
components were released by Zymolyase from the chitinase-resistant residue (Fig. 2b) .
The complex composition of the material solubilized by chitinase was assessed by successive treatments with other hydrolases. For example, either p-1,3-or /3-1,6-glucanases reduced the Mr of the components solubilized by chitinase (Fig. 3) , indicating that these contained glucan-bound protein. Also, Endo H reduced the M , of the chitinasesoluble material (Fig. 3b) , as well as the Zymolyasesolubilized components (Fig. 4) , suggesting the presence of N-linked mannosyl chains in the complexes. As expected, pronase reduced the size of these complexes, but interestingly it left some high M , residues, whose protein moieties resisted protease degradation (Fig. 4) .
T o gain information on the intimate association between (Fig. 5 ) was subjected to chromatography in a BioGel P, column, and 0.4-ml fractions were recovered. Neutral sugars (O), and radioactivity (O), were measured in each fraction.
Arrows indicate the void volume (V,) and elution volumes of raffinose (Raf), maltose (Mal) and glucose (Glc).
the different wall polymers, fraction C from both yeast column of Sephacryl S200. Chitinase activity, neutral and mycelium forms was treated with Zymolyase as sugars and acetyl-aminosugars were measured in the described above, and the insoluble residue was incubated column effluent (Fig. 5) . The low M , material eluting in with chitinase. The released products were resolved in a the total volume appeared free from chitinase and contained amino acids (by radioactivity), UV-absorbing material, neutral sugars and acetyl-aminosugars. This material was pooled, freeze-dried, and designated as S200.
Samples from S200 material were subjected to chromatography in a BioGel I ? , column. Elution was followed by determination of neutral sugars and radioactivity (Fig. 6) . It was observed that neutral sugars eluted in the form of mono-and oligosaccharides, whereas most of the amino acids appeared as oligomers larger than a trisaccharide. A small amount of both components eluted in the void volume. A pool was made of fractions containing the larger oligomers, but not the material eluted in Vo. After freeze-drying, samples were dissolved in 0.22M HC1 and subjected to chromatography in a Dowex H' column. Under these conditions amino acids, but not neutral sugars or GlcNAc, should bind to the column. Nevertheless, 20% of the neutral sugars were retained by the column, whereas 35 '/o of the amino acids were not. Apparently neutral sugars were retained by Dowex because they were bound to amino acids, and a fraction of amino acids did not bind to the column because their amino groups had been blocked. Chromatography in WGA-S revealed that 35% of the amino acids (by radioactivity) present in the oligomer fraction were retained by the column, suggesting their association with GlCNAc.
Amino acid analysis of fractions separated from chi ti nase h yd rol ysa tes
Fractions eluted from Sephacryl S200 from both yeast and mycelium revealed a similar amino acid composition (Table 4) , which was very different from the original fraction C (compare with data in Table 3 ). The main amino acid found in the Zymolyase-resistant, chitinasesolubilized fraction was lysine, and although threonine and serine remained abundant, glycine and proline were less well represented. When the ratio between glucosamine and amino acids was calculated, the higher ratio of the former in mycelium was confirmed: the yeast fraction contained 327 nmol glucosamine per 100 nmol of amino acids, whereas the corresponding value for mycelium was 827 nmol.
Amino acid analyses of the different oligomer samples separated in Dowex 50 and WGA-S columns were also performed. These fractions were: (1) not retained in Dowex; (2) retained in Dowex and eluted with NH,OH; and (3) retained in WGA-S (Table 5 ). All three fractions, as already noticed, were enriched in lysine, but this amino acid was more abundant in fraction 1 (the fraction not retained in Dowex), where it represented 55 YO of the total amino acid content. In the material retained by the WGA-S column, lysine represented 22 ' 3 0 of the total amino acid residues, but valine was more abundant at 36%. The amino acid composition of fraction 2 (retained in Dowex), was similar to the original Sephacryl S200 eluate, with the exception of glycine (see Table 4 ).
Glucosamine was present in all samples, although in different proportions. 
DISCUSSION
Previous studies by our group and other laboratories (Chattaway e t al., 1968; Chaffin & Stocco, 1983; Elorza et al., 1988; Surarit e t al., 1988) have dealt with the analysis of the organization of C. albicans cell wall and have been aimed at understanding the wall properties and the changes occurring during the yeast-to-mycelium transition. These studies have utilized different approaches to provide information on chemical composition and polymer interactions. In the present work we have fractionated radiolabelled walls of C. albicans with anhydrous ethylenediamine in combination with enzymic hydrolysis to obtain further information on the organization of the wall polymers in this organism. Anhydrous E D A has been employed previously for the fractionation of walls from .Saccharomyces cerevisiae (Korn & Northcote, 1960) , and C. albicans (Lyon & Domer, 1985) . It has the advantage over aqueous alkali solutions in that it preserves 0-glycosidic linkages, and avoids destruction of labile proteins.
After SDS treatment to remove the non-covalently-linked wall proteins, fractionation of the total radiolabelled wall polysaccharides by E D A showed differences between yeast and mycelial cells. This treatment separated three fractions characterized by their different solubility properties. Fraction A (water soluble) was more than twice as abundant in yeast as in mycelial walls; while the mycelial fraction B (EDA-soluble, water-insoluble) was threefold higher than the yeast one. Fraction C (EDA-insoluble) was similarly represented in both morphological stages. These results confirm the different structural wall organization in both cell morphologies. Fraction A contained mannans and glucans in roughly similar proportions, while fraction B was made up almost completely of glucans. Fraction C was enriched in glucans and chitin. Perhaps the most important difference was in chitin which was only present in trace amounts in yeast fraction B, while in mycelium, 15 % of the total chitin was present in this fraction. These results suggest the presence of two forms of chitin, one soluble and one insoluble in EDA, the former being more significant in mycelial cells. The size or crystallinity of this form of chitin is unknown. A non-fibrillar form of chitin, soluble in 7.5 M NaOH but insoluble in hot 2 M alkali, was described in Trichoplyton mentagrophytes (Pollack e t al., 1983) .
Of the protein content of the three E D A fractions, over 50% was present in fraction A, and the rest remained in the water-insoluble fractions B and C. Interestingly, the ratio protein : mannan was different in each E D A fraction. It was highest in fraction B, and lowest in fraction C. The extent of glycosylation of wall glycoproteins may affect their solubility properties in EDA. It is also likely that proteins are rendered insoluble through their association with glucans and chitin. Chase experiments demonstrated that a significant fraction of EDA-soluble proteins became insoluble as incubation time increased. This result suggests that their further association with insoluble polymers occurs in the matrix of the wall. Amino acid analysis showed that the bulk of the SDSresistant wall protein is very similar to the so called 'structural' protein studied in mnn9 mutants of Saccharomyes cerevisiae (Frevert & Ballou, 1985) . The unexpected result that the pronase-resistant residue had a similar amino acid composition, can be explained by assuming that some of the proteins remained protected from pronase. However this possibility requires that all of the wall proteins have a similar amino acid composition.
A more appealing hypothesis, however, is that the core was protected from proteolysis by steric effects and was in the form of repeating units. Pronase treatment under our conditions left some high M, fragments which probably represented the sugar-bound amino acid cores. Microscopic studies of E D A fractions revealed that waterinsoluble fraction B appeared amorphous, whereas fraction C retained the morphology of the original wall. Both fractions stained differently with fluorescent concanavalin A. Although fraction B contained only small amounts of mannan it stained heavily with the lectin, whereas fraction C which contained much higher amounts of mannoproteins stained with ConA-F only after treatment with Zymolyase. This result suggests that glycoproteins are buried in the structural polysaccharides and are not accessible to the lectin until the wall structure becomes disorganized by the glucanase. Chitin was not homogeneously distributed in fraction B but appeared in the form of patches. Bud scars in fraction C were resistant to treatment with Zymolyase, or chitinase. It is likely that the organization and association of both polymers in this region are different from the rest of the wall. Fraction C digested with chitinase retained its gross morphology, whereas glucan digestion brought about its almost complete breakdown leaving an amorphous residue. Accordingly it may be suggested that wall shape in C. albicans depends mostly on the organization of insoluble glucan.
Zymolyase released about 80 % of the residual fraction C protein leaving a residue, most of which was liberated by chitinase in the form of low Mr fractions. Reversing the order of glycosidase treatment revealed that chitinase releases high M , fragments whose size can be reduced by p-1,6-glucanase, p-1,3-glucanase, or Endo H treatments, suggesting that the residues are made of small chitin oligosaccharides covalently bound to large glucan tufts, plus polypeptides. Interestingly the N-linked polypeptide fragments resistant to Zymolyase which are tightly bound to chitin possess an amino acid composition significantly different from the more accessible bulk protein (see above), indicating that they correspond to a different protein family. It is pertinent to indicate here that Zymolyase preparations are contaminated with a protease which may digest the most accessible region of the covalently-bound proteins.
The behaviour of the oligomers released from the Zymolyase-resistant core by chitinase treatment clearly revealed that they are mixtures of fragments, some of which contain covalently-bound GlcNAc, neutral sugars and amino acids. There was a remarkable abundance of lysine, in which both amino groups were apparently blocked and possibly bound to sugars. In Scbi~opbyllam cornrnane basic amino acids may be involved in the joining of chitin and glucan (Sietsma & Wessels, 1979 ) although the precise nature of the bonds involved is unknown. On the other hand, evidence was found in regenerating protoplasts of C. albicans for the direct joining of /3-1,6-glucan to chitin through a glycosidic linkage involving the glucose-reducing end and the C6 position of GlcNAc (Surarit etal., 1988) . Our data would be more in agreement with an indirect linkage through a dibasic amino acid.
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